In New Zealand, a large proportion of cows are currently crossbreds, mostly Holstein-Friesians (HF) × Jersey (JE). The genetic evaluation system for milk yields is considering the same additive genetic effects for all breeds. The objective was to model different additive effects according to parental breeds to obtain first estimates of correlations among breed-specific effects and to study the usefulness of this type of random regression test-day model. Estimates of (co)variance components for purebred HF and JE cattle in purebred herds were computed by using a single-breed model. This analysis showed differences between the 2 breeds, with a greater variability in the HF breed. (Co)variance components for purebred HF and JE and crossbred HF × JE cattle were then estimated by using a complete multibreed model in which computations of complete across-breed (co)variances were simplified by correlating only eigenvectors for HF and JE random regressions of the same order as obtained from the single-breed analysis. Parameter estimates differed more strongly than expected between the single-breed and multibreed analyses, especially for JE. This could be due to differences between animals and management in purebred and nonpurebred herds. In addition, the model used only partially accounted for heterosis. The multibreed analysis showed additive genetic differences between the HF and JE breeds, expressed as genetic correlations of additive effects in both breeds, especially in linear and quadratic Legendre polynomials (respectively, 0.807 and 0.604). The differences were small for overall milk production (0.926). Results showed that permanent environmental lactation curves were highly correlated across breeds; however, intraherd lactation curves were also affected by the breed-environment interaction. This result may indicate the existence of breed-specific competition effects that vary through the different lactation stages. In conclusion, a multibreed model similar to the one presented could optimally use the environmental and genetic parameters and provide breed-dependent additive breeding values. This model could also be a useful tool to evaluate crossbred dairy cattle populations like those in New Zealand. However, a routine evaluation would still require the development of an improved methodology. It would also be computationally very challenging because of the simultaneous presence of a large number of breeds.
aBStraCt
In New Zealand, a large proportion of cows are currently crossbreds, mostly Holstein-Friesians (HF) × Jersey (JE). The genetic evaluation system for milk yields is considering the same additive genetic effects for all breeds. The objective was to model different additive effects according to parental breeds to obtain first estimates of correlations among breed-specific effects and to study the usefulness of this type of random regression test-day model. Estimates of (co)variance components for purebred HF and JE cattle in purebred herds were computed by using a single-breed model. This analysis showed differences between the 2 breeds, with a greater variability in the HF breed. (Co)variance components for purebred HF and JE and crossbred HF × JE cattle were then estimated by using a complete multibreed model in which computations of complete across-breed (co)variances were simplified by correlating only eigenvectors for HF and JE random regressions of the same order as obtained from the single-breed analysis. Parameter estimates differed more strongly than expected between the single-breed and multibreed analyses, especially for JE. This could be due to differences between animals and management in purebred and nonpurebred herds. In addition, the model used only partially accounted for heterosis. The multibreed analysis showed additive genetic differences between the HF and JE breeds, expressed as genetic correlations of additive effects in both breeds, especially in linear and quadratic Legendre polynomials (respectively, 0.807 and 0.604). The differences were small for overall milk production (0.926). Results showed that permanent environmental lactation curves were highly correlated across breeds; however, intraherd lactation curves were also affected by the breed-environment interaction. This result may indicate the existence of breed-specific competition effects that vary through the different lactation stages. In conclusion, a multibreed model similar to the one presented could optimally use the environmental and genetic parameters and provide breed-dependent additive breeding values. This model could also be a useful tool to evaluate crossbred dairy cattle populations like those in New Zealand. However, a routine evaluation would still require the development of an improved methodology. It would also be computationally very challenging because of the simultaneous presence of a large number of breeds. Key words: crossbreeding, Holstein-Friesian, Jersey, multibreed model
IntrODuCtIOn
Crossbreeding is a method used for improving animal production in pigs, beef cattle, and poultry (e.g., Wei and van der Werf, 1995) . However, it has not been widely used in dairy cattle in most temperate countries until recently because of the high milk production of the Holstein-Friesian (HF) breed (Touchberry, 1992) . Most current purebred HF populations in the world were created by upgrading existing European Friesian or similar populations. Harris and Kolver (2001) gave a more detailed history of the New Zealand HF (NZHF) population that showed the different phases. The original NZHF population was first developed from animals imported from the West Coast of the United States before 1925, and it then remained as a closed population. Most of the cattle before 1960 (approximately 75%) were Jersey (JE). Therefore, until the early 1980s upgrading was first from JE to NZHF by using locally available sires. The descendants of this process remained lighter than overseas HF (OSHF) from North America or Europe. Since the 1980s, OSHF sires have become more popular. However, the daughters of these animals are heavier and seem to be less fertile and have decreased survival rates (Harris and Kolver, 2001) . Therefore, most New Zealand dairy farmers have not upgraded to OSHF, and as a result of this experience, there has been even more widespread popularity of crossbreeding. Even though dairy farmers in North America and Europe were very reluctant to crossbreed at that time, crossbreeding has been a feature of the history of the dairy industry of New Zealand. Currently, more than one-third of dairy replacements are crossbred, mostly HF×JE. This is because both breeds, the HF and JE, are economically comparable under typical New Zealand production systems (e.g., Lopez-Villalobos and , and complementarity characteristics from these breeds and heterosis effects favor crossbreds (e.g., . Crossbreeding provides a good opportunity to maximize the net income per hectare under New Zealand pastoral conditions by improving fertility and survival, and also by improving (or altering) the composition of milk, which is very important because the dairy company payment structures reward farmers for the amount of milk solids (fat and protein) produced. Therefore, crossbreds benefit from the high volumes achieved in the HF breed as well as from the beneficial fat and protein composition of the JE breed (Montgomerie, 2002) . Several studies have demonstrated the economic superiority of crossbred HF×JE cows in New Zealand (e.g., LopezVillalobos and Garrick, 1996 and potentially elsewhere (e.g., VanRaden and Sanders, 2001) .
Additionally, crossbred bulls are currently being progeny tested by the major New Zealand breeding companies in response to farmer requests. Farmers are willing to accept a reduction in heterosis to have a type of cow that they recognize as being the most profitable for their system, even when heterosis effects are ignored.
From 1996 to the beginning of 2007, New Zealand dairy cattle were genetically evaluated across breeds for yield traits by using a 2-step test-day model, in which test-day production records were combined to predict 270-d yields, and an animal model was used for the genetic evaluation of these predicted yields (Harris, 1994 (Harris, , 1995 . A new test-day model has been developed to use the milk production herd-test data to calculate breeding values, and this new system has been implemented since February 2007 (Harris et al., 2006) . The evaluated production traits are then included in an economic index called breeding worth, which describes animal profitability per unit of feed (this is a feature of the across-breed evaluation; Johnson, 1996; . Heterosis is modeled as a fixed effect in the model, correcting for mean differences. Thus, genetic contributions from purebreds to crossbreds are only partly taken into account; therefore, it does not allow an optimal use of crossbred data. Moreover, a study by Wei and van der Werf (1995) showed that an optimal use of crossbred information jointly with purebred information in selection could bring more genetic progress in crossbreds. To do this, genetic correlation of additive effects in different breeds has to be known. Such results are rare, if not nonexistent, in dairy cattle, whereas in swine or in beef cattle, such results are less unusual (e.g., Lutaaya et al., 2001; Newman et al., 2002; Roso et al., 2005; Zumbach et al., 2007) .
The objective of this study was to model different additive effects according to breed composition to estimate correlations among breed-specific effects. The second objective was also to study the usefulness of this type of a more complicated random regression test-day model.
materIaLS anD metHODS

Data
Data were provided by the Livestock Improvement Corporation, Hamilton, New Zealand, and comprised records on cows from dedicated progeny-testing herds. The original data comprised 223,141 animals in production and a total of 500,134 animals in the pedigree.
Only animals of HF and JE inheritance were kept to estimate (co)variance components; therefore, animals whose summed proportion of HF and JE genes was less than 100% were eliminated. No distinction was made among HF animals with different compositions of OSHF and NZHF genes; they were considered to belong to the same breed. This was also done to limit the study to a 2-breed situation. Data were limited to first-lactation test-day milk yields, which were recorded for 208,164 cows in 3,481 herds with test days, equally spaced across the lactation at 2-mo intervals. After these edits, the breed composition of animals with records in first lactation was approximately 54% HF, 21% JE, and 25% HF×JE, and the distribution of herds per breed composition showed that 65% of herds had HF×JE, HF, and JE or were entirely composed of HF×JE animals; 25% of herds were purebred HF and only 10% were purebred JE. In the context of this article, purebred means at least 95% of HF or JE genes. Crossbreds consequently were animals with a major breed composition of between 50% (included) and 95% (excluded) HF or JE genes.
Data sets were constructed based on a stratification of herds as a function of their average breed proportions. Herds with average breed compositions of 95% and more HF or JE genes were considered purebred herds. Similarly, herds with an average breed composition of between 50% (included) and 95% (excluded) HF or JE genes were considered crossbred herds. Within the purebred herds, only animals whose proportions of HF or JE genes were 95% or more were selected. Because the data set was still too large for analysis, ad-ditional samplings were made on a herd base, in which animals within herds were kept together and randomly assigned to data sets. For purebred herds, 3 HF and 2 JE data sets were created. For crossbred herds, 5 data sets were created, composed of purebred and crossbred animals. Table 1 lists the number of herds, animals in production, test-day records, and records per lactation for the purebred and crossbred data sets used in this study. Means and standard deviations of daily milk yields are also given.
Models
The research was conducted in 2 steps. First, estimation of (co)variance components for purebred HF and JE cattle was done by using a simple single-breed model. Hereafter, this study is called a single-breed analysis. (Co)variance components for purebred HF and JE and crossbred HF × JE cattle were then estimated by using a complete multibreed model. This study was considered to be an across-breed analysis, hereafter called a multibreed analysis. The reasons for using this strategy were 2-fold. First, we wanted to simplify actual estimations by estimating within and then across breeds. Second, this strategy allowed us to compare the results from both analyses. We acknowledge that there were 2 types of herds (purebred vs. crossbred), implying that differences should be expected.
Single-Breed Analysis. (Co)variance components were estimated for HF and JE breeds separately by using the purebred data sets. The single-breed model used was a random regression test-day model, written as y Xb Q h Q a Q p e h a p
where y is a vector of first-lactation test-day yields; b is a vector of fixed effects for herd × test-day date, lactation stage (defined as classes of 5 DIM), gestation stage (definition based on 24 d carried calf classes), and regressions on age at calving within lactation periods (defined as 4 classes based on DIM: 5 to 64, 65 to 119, 120 to 184, and greater than 184) × calving season (March to June, July, August, September to December) × calving period (before 1994, 1994 to 1998, and after 1998) classes; and h, a, and p are vectors of unknown herd × calving year, permanent environmental, and additive genetic random regression effects; Q h , Q a , and Q p are the covariate matrices for the third-order Legendre polynomials; linking h, a, and p with y and e is a vector of unknown residuals. The (co)variance matrices associated with the 3 random effects were
where H, P, and G were the elementary (co)variance matrices across the 3 Legendre polynomials. A random herd × calving year period effect was included to model potential additional environmental covariances because of a common herd and time-dependent effect. This random effect was defined as a combination between herds and 7 periods of 2 yr of calving from 1989 to 2002. Hereafter, this effect is called the herd period. The (co)variances among residuals were modeled as
Var n e ( ) , e I = s 2 where s e 2 was the residual variance and I n was an identity matrix of dimension n, where n is the number of records. By keeping this variance constant, we modeled differences in environmental variance across DIM by the other environmental random effects.
Multibreed Analysis. The model used for the multibreed analysis was similar to those used for the single- breed studies, with 2 differences. In the definition of fixed effects, regressions on age at calving were computed within breed × lactation period × calving season × calving period classes, where breed was defined as previously: purebred HF, purebred JE, or crossbred HF×JE. Effects of heterosis and recombination should be partially taken into account by this effect. All other fixed effects were defined without considering the breed of animals. The second difference was in the definition of random effects. Based on the results from the withinbreed analysis and to simplify the estimation of (co) variance components across breeds, initial Legendre polynomials were transformed into 3 new independent regressions contained in the covariate matrices Q Th , Q Ta , and Q Tp by using diagonalizations based on the following decompositions:
and G T D T
= a a a '. Original covariance structures were transformed to become 
The transformed model becomes
where, based on the equivalence between models [2] and [3], the following formulas can be established:
', where breed-specific regressions for a given record i are
Computations of complete across-breed (co)variances were simplified by correlating only eigenvectors for HF and JE of the same order. The associated (co)variance matrices among these transformed random effects could then be shown grouped by type of effects: for every type of random effect contained the (co)variances across breeds among transformed regressions. Transformations were done in a way that forced the order of eigenvectors for HF and JE to remain identical (largest to smallest). This procedure is not a rank reduction, but makes the computations more robust because it concentrates (co) variances among breeds into 3 values instead of 6. Initial tests showed that stable convergence of variance component estimation procedures required the use of this procedure. In addition, interpretation of the (co) variances among breeds was simplified. The basic assumption was that the eigenvectors stayed similar if we compared the single-breed and multibreed models.
Heterogeneity of residual variances was expected for animals with different breed compositions. Therefore, breed composition was used to calculate weights to standardize residual variances and to adjust for the expected heterogeneous residual variances. The weight for a record i of a given animal was defined as 
) +´( ) 
Estimation of (Co)variance Components
(Co)variance components were estimated by using REML. The expectation-maximization algorithm (EM) with acceleration EM-REML was used. This algorithm estimates the parameters by indirect approximation of the first derivative of the likelihood function. Expectation-maximization-REML is very stable but the convergence rate is very slow (Misztal, 2002) . Therefore, the average information REML algorithm (Jensen et al., 1997) was also used. It uses approximate second derivatives and is computationally more demanding, although it requires fewer iterations to converge. However, convergence problems appeared when the (co)variance matrices were not positive definite (Meyer, 1997; Misztal et al., 2000) , and most of the computations needed to be done by EM-REML, which proved to be more stable.
reSuLtS anD DISCuSSIOn
Single-Breed Analysis
The (co)variance components were estimated for each sample, and from these estimates, the means and standard deviations of the samples for each breed were calculated. Results for variances and (co)variances for constant, linear, and quadratic random regression coefficients are presented in Table 2 . In general, estimates were quite consistent across the 3 HF and 2 JE samples, except for the herd-period effect in HF, which showed a greater variability.
Variances of random effects, except for the residual variances, which were considered to be constant, varied with DIM because of the use of random regression models. Phenotypic variances for milk as a function of DIM for HF and JE breeds are shown in Figure 1 . The HF breed showed a greater variability than the JE breed, as confirmed by the herd-period, permanent environment, and genetic variance patterns of the 2 breeds (Figure 2 ). This can be explained mainly by a scale effect caused by the greater production of HF. It is also likely that HF showed greater genetic variability because of the importation of HF genetic material from overseas (Canada, United States, or Europe), especially since the 1980s, creating 2 different HF strains (a NZHF strain and an imported OSHF strain). Harris and Kolver (2001) have reviewed the effect of Holsteinization on pastoral dairy farming and have discussed the differences between the 2 HF strains in New Zealand. In this study, we did not distinguish between the 2 strains because the genetic difference between the 2 HF strains can be considered less important than the one between HF and JE. Animals of nonnative JE origin are also present in New Zealand pedigrees, although to a much lesser degree.
Herd-period variance trends are given in Figure 2 . The trajectory of this variance was less pronounced in HF but was generally greater than for JE. The differences may be due to a difference in management between the HF and JE purebred herds in New Zealand. For example, the greater stocking rates of the JE breed could be an explanation for these differences in variability. Another assumption is that the geographical location of HF and JE herds could have influenced the results. Bryant et al. (2007a) showed that HF and JE have reacted differently to differences in climate or altitude. Incidentally, purebred JE herds are more common in the northern part of the North Island, whereas purebred HF herds are more common in the cooler parts of the South Island. Lactation variances were computed over a standard 270-d lactation. Table 3 presents the variances and relative values obtained when compared with phenotypic variance. The values confirmed the previous results in Figure 2 , showing greater relative herd period variances and slightly greater relative genetic variances for JE. Residual variance on a lactation basis was very low because environmental correlations across DIM were taken into account by other environmental effects, but residual correlations among DIM were assumed to be zero.
Daily estimates of genetic and phenotypic correlations between different stages of lactation and daily estimates of heritabilities are presented in Table 4 , with heritabilities on the diagonal, genetic correlations above the diagonal, and phenotypic correlations below the diagonal. As expected, these correlations became weaker as the interval between tests increased. On average, correlations were greater for JE than HF animals. Heritability estimates increased from the beginning until the end of the lactation for both breeds. This trend was confirmed by the representation of heritabilities for milk yield as a function of DIM, as illustrated in Figure  3 . According to Figure 3 , purebred HF animals had a greater heritability than JE animals at the beginning of lactation, but from 60 DIM, the trend was reversed. As reported in Table 2 , the heritability for 270-d lactation yields (represented by the genetic relative variance) were similar for HF and JE purebreds (respectively, 0.31 and 0.32), and these values were slightly less than the heritability estimate used for the genetic evaluation of milk in New Zealand (0.36; Interbull, 2007) . These estimates were not totally in line with the literature (e.g., Ahlborn and Dempfle, 1992; Interbull, 2007) , in which values of heritabilities for the lactation milk yield trait for the JE breed tended to be greater than those for HF. For example, in the United States, heritabilities of 0.25 to 0.35 are used for the Holstein breed and 0.30 to 0.40 are used for the JE breed (Interbull, 2007) . However, there may be other reasons to explain our results.
Multibreed Analysis
As for the single-breed analysis, (co)variance components estimated for each sample were averaged. Means and standard deviations of variances and (co)variances for constant, linear, and quadratic random regression coefficients are given in Table 5 . The patterns and magnitude of heritability estimates were different between the single-breed and multibreed analyses, especially for JE purebred animals on a daily basis (see Figure 3) . Values of variances and heritability estimates computed for a 270-d lactation are presented in Table 6 . These results were also quite different (mainly for JE animals) from those obtained in the single-breed models. They were more in line with the literature, albeit slightly lower (e.g., Ahlborn and Dempfle, 1992; Interbull, 2007) . As confirmed by the values in Tables 3 and 6 , the lactation heritability for JE changed from 0.32 to 0.52 when changing from the single-breed to the multibreed model. Figure 2 shows that a greater genetic variance and a lower herd-period estimate from the multibreed analysis for JE animals induced the difference in heritability. Interpretation of these large differences is not easy. potential reason could be the difference in the types of animals in each study because completely different data sets were used. In addition, the management between purebred herds and herds considered crossbred could partially explain these differences. This hypothesis is supported by the change in the JE herd-period variance with a decrease in the estimated value from 5.55 (single breed) to 1.45 (multibreed). The JE herd-period variance was, in fact, as much as 4 times greater, mainly for the first half of the lactation, in the single-breed model than in the multibreed model. Few differences in permanent environmental variances were observed between the single-breed model and the multibreed model (see Figure 2) . Finally, the multibreed model used did not fully account for heterosis. This could also have inflated observed genetic variance. This hypothesis was supported by the observed increase in genetic variance for JE when comparing the single-breed and multibreed models, where 5.87 became 8.85.
Only JE showed the large increase in heritability. Previous research by Lofgren et al. (1985) also showed a greater sensitivity of this breed, compared with HF, to changes in herd environments, expressed as means and standard deviations of contemporary groups adjusted for genetic differences. As shown in Table 1 , means and standard deviations for daily milk yields were approximately 30% greater in the multibreed data sets compared with the purebred JE data sets. Lofgren et al. (1985) reported that similar differences in means and standard deviations, but in a purebred setting, generated a substantial increase in heritability (as much as 50%). Earlier studies (e.g., Legates, 1962 , for fat yields) showed similar results, again in JE. It is very difficult to explain these results, but they are in line with ours. It seems possible to imagine that, in particular, greater average yields in JE are linked to larger animals, which could better express genetic differences. Because crossbred JE should be larger, this hypothesis could remain valid in our study.
From the (co)variances estimated with the multibreed model, variances for milk as a function of DIM were computed for HF×JE crossbred animals. Results are given for first-cross animals of the 2 purebreds (HF = 50% and JE = 50%) and back-crosses between F 1 and purebreds (HF = 75 or 25% and JE = 25 or 75%). Only phenotypic variances (Figure 1 ) as a function of DIM are presented, showing the evolution over the lactation. The variances for HF×JE crossbred animals were between those of the purebreds and followed the same trend as in purebred animals. These were confirmed by the values of variances for 270-d lactation yields presented in Table 6 . Correlations across breeds for the 3 Legendre polynomials are shown in Table 7 . Virtually no differences existed among permanent environmental effects for both breeds. This could indicate that breed-specific permanent environmental effects are not important, even if variance differences exist across breeds. Herdperiod regression effects differed strongly, with correlations between 0.755 and −0.040. Because these effects translate into herd-specific lactation curves within breeds, these results could indicate not only that lactation curves among breeds are different, but also that breeds are managed differently, or at least that they react differently to a common management (Bryant et al., 2007b) . Direct interpretation of these results on a herd level could also indicate the existence of breedspecific competition effects that vary through the different lactation stages. Correlations were very high for the constant genetic effect (0.926), but decreased to 0.604 for the quadratic genetic regressions. These results showed similar genetic rankings between the 2 breeds for the mean or overall milk yield. However, this does not mean that these ranking differences can be neglected completely, because top sires can rerank significantly, even with an overall correlation of 0.926. In addition, if other lactation shape parameters linked to persistency are considered, larger differences between HF and JE cattle seem to exist. This hypothesis is also supported by the values in Table 8 showing the genetic correlations between HF and JE cattle on a withinlactation basis. Some correlations, especially those linking different DIM, were as low as 0.600. Phenotypic correlations are not given across breeds because they would not make much sense.
Because we used an animal model, most of the information on genetic correlations might come from the difference between dam-daughter regressions when daughters are purebred compared with crossbred. They also reflect expected ranking differences in purebred offspring compared with crossbred offspring of a purebred sire.
Heritability estimates as a function of DIM, as illustrated in Figure 3 , were low at the beginning and the end of lactation, whereas they were greater toward midlactation for JE purebreds and crossbreds. The HF purebred animals had a lower heritability than the JE animals during lactation. Daily estimates of genetic and phenotypic correlations between different stages of lactation and daily estimates of heritabilities are presented in Table 8 
COnCLuSIOnS
Recently, an advanced test-day model that is adapted for its special breed structure was introduced in New Zealand. The present study investigated potential further advances for the future; (co)variance components and genetic parameters within and across breeds were estimated for HF and JE animals. Parameter estimates differed between single-breed and multibreed analyses. However, this could also have been due to differences between the purebred and nonpurebred herds used for these analysis or could have been artifacts resulting from the choice of the models. This indicates limitations in the design of this study, because it was assumed a priori that purebred and nonpurebred herds were more similar, and the model was designed having this in mind. Future studies should consider our findings. The genetic correlations across breeds, computed from the multibreed model, showed additive genetic differences, especially in linear and quadratic Legendre polynomials, which are linked to persistency. The results of this study showed that breed-dependent additive breeding values could be estimated by the proposed multibreed model and could therefore provide a theoretically better tool to evaluate a crossbred dairy cattle population, as found in New Zealand. However, the situation presented here was simplified because only 2 breeds were analyzed together. A routine model might require 10 or more different breed effects. Despite this, if in the future available computing resources increase and also if detecting genetic differences in lactation shape parameters becomes even more of an issue, models similar to the one presented in this study would be possible and worth considering. According to our findings, such a model could use a single permanent environmental effect. However, it would need distinct herd-period effects because results indicated the existence of breed-specific competition effects that varied through the different lactation stages. Scaling of variances would always be needed because we showed that rather large variance differences existed. Even intrabreed heritability differences may exist according to the environment (purebreed vs. multibreed herds). Therefore, future studies and a routine evaluation would still require the development of an improved methodology, and the model presented here is only a first step. Improved methodology would also address heterosis more correctly by estimating general, but potentially also specific, heterosis. Such a model would also be computationally very challenging because of the simultaneous presence of a larger number of breeds than the 2 breeds used in this study.
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